The integration of different visual attributes into the percept of a single global shape is a central aspect of object processing. In hierarchically organized stimuli with local and global levels, the attentional focus largely determines which level is processed. Here we tested the hypothesis that object processing during attention to the global aspect of the stimulus is characterized by an increased neural coupling between visual areas reflecting the integration of local features. In the present experiment, we used global letters that were constructed by smaller local letters, and a cue signaled which spatial level should be identified. On the local level, only 1 relevant letter was presented laterally in 1 visual hemifield. In contrast, the global letter extended into both hemifields, and the integration of information from both hemispheres was necessary to identify the global stimulus. Therefore, we expected an increased functional coupling between hemispheres during global processing. This hypothesis was investigated using electroencephalographic recordings and an analysis of phase locking and coherence. The results show that stimulus-locked neural coupling within the gamma band (30--40 Hz) across hemispheres in visual cortex increased for global processing after stimulus presentation and could therefore reflect the integration of local visual information.
Introduction
Many real world objects are constructed by a hierarchical structure of features. A simple example is the forest consisting of trees and the tree consisting of leaves. With a closer look, many common objects like houses, faces, or pictures exhibit different levels of visual features. Usually, the human observer is able to control the level at which visual information is consciously perceived, that is, the processing is mainly determined by the subject's attentional set (Kinchla and others 1983) .
There is accumulating evidence that the analysis of global and local features in the ventral visual pathway is augmented by attentional modulation. Visuospatial attention seems to be retinotopically specific at least in early visual areas (Tootell and others 1998; Martinez and others 1999) . In accord with these results, it was demonstrated that global and local attention is established within the visual cortex by amplification effects within the cortical area where the particular feature of the stimulus is represented (Sasaki and others 2001) . Attention to the global (i.e., larger) aspect of a stimulus enhanced activity in more peripheral areas of the visual cortex, whereas attention directed to a local, that is, centrally presented, feature resulted in an enhancement of activation in foveal representations.
An important aspect that has not yet been examined is the fact that local information is distributed over multiple small early visual representations (Kourtzi and others 2003) and that information from these areas has to be integrated to generate the percept of the global shape. In cases where the global shape spans both the visual hemifields, one might expect ''binding'' of areas representing local object features to a global percept. This binding might be accomplished through neural coupling between bilateral visual areas.
Coupling of electrical brain activity in the gamma band (around 40 Hz) has been proposed as a basic mechanism underlying transient functional coupling of neural assemblies (von der Malsburg 1994) . Many studies in the visual system of cats (Eckhorn and others 1988; Gray and others 1989; Engel and others 1991) and monkeys (Bressler and others 1993; Kreiter and Singer 1996; Fries and others 2001) have lent support to this hypothesis. Thus, binding by neural coherence is a possible mechanism underlying the integration of visual information during global attention.
Early and intermediate areas of the visual cortex have a strong preference for the contralateral visual hemifield (Palmer 1999) . Thus, the perception of the global shape of a stimulus that comprises visual tokens presented in both hemifields is only possible if visual information from the hemispheres is integrated. In the present experiment, we tested the hypothesis that the functional coupling between visual cortices of both hemispheres is relevant for the integration of distributed information as is the case when attending to the global stimulus. Functional coupling was investigated by scalp electroencephalogram (EEG) recordings, which were analyzed in the time--frequency domain. Parameters for neural coupling were estimated within the gamma band using coherence (interrelation between 2 signals based on amplitudes and phases) and phase locking (consistency between the phases of 2 signals). In addition, we were interested in the temporal characteristics of neural coupling. Importantly, coupling could be present already before stimulus onset as a result of attention in the absence of a stimulus, or coupling could arise later, at the time of stimulus presentation, indicating an interaction of attentional and perceptual processes. The former would indicate that coupling is a stimulus-independent effect linked to attentional processing, whereas the latter scenario would indicate that coupling is linked to object processing possibly augmented by attention.
To test the hypothesis that neural coupling between visual cortices is larger for global than for local attention, we employed hierarchical stimuli in which the global shape of a letter is constructed from smaller letters (Navon 1977) . Crucially, the design was adjusted to avoid the usual benefit of global information that results in relative prolonged response latencies in the local task (Navon 1977 ). This effect is most likely due to the increased difficulty that could affect neural binding. Therefore, we manipulated the difficulty of the global identification by increasing the distance between the local letters (i.e., increasing sparseness) and by using a very short presentation time. If interhemispheric binding is relevant for the extraction of the global shape, then an increase in the difficulty of the global task could result in an increase of the neural coupling. To additionally test the hypothesis, that task difficulty affects the neural coupling or the timing of this coupling, we rotated the global stimuli in half of the trials by 90°. We expected that the identification of rotated global letters is more difficult than recognizing upright letters and consequently an increased functional coupling for the rotated global letters.
Methods

Volunteers and Stimuli
Thirteen healthy, right-handed volunteers with normal or corrected to normal vision participated in the experiment (mean age 32 years, range 24--40, 5 females). The study was approved by the local ethics committee. Stimuli were presented by a personal computer that ensured synchronization with the EEG recording unit using the software ''Presentation'' (http://www.neuro-bs.com). A liquid crystal display monitor with a constant refresh rate of 60 Hz was used for stimulus presentation with a viewing distance of 60 cm.
The letters ''E'' and ''S'' were used for the global and the local features of the stimuli, respectively. The global letter subtended 9.2°(horizontal) by 10.9°(vertical) with the geometric center located at fixation. The local letter subtended 1.2°by 1.7°of visual angle. The distance between the local stimuli was adjusted in behavioral pilot studies to avoid the usual reaction time (RT) benefit of the global task. Half of the stimuli (n = 250) were congruent, that is, the global and local letters were identical. To avoid that the participants attend only to 1 level, the other half of stimuli consisted of noncongruent stimuli, with different letters at the global and local level. Therefore, the participants could not develop the strategy to only encode the global letter, knowing that the local letter is always identical. To ensure that each participant processed the same local information at identical lateral locations, only 2 relevant local letters were presented at fixed positions left and right within the global letter. The remaining irrelevant letters forming the global stimuli were ''X'' (see Fig. 1 ). We further manipulated the global stimuli by rotating the global letters in 50% of the trials by 90°to examine the effect of task difficulty. This resulted in a 2 3 2 factorial design (global/local attention and upright/rotated global shape).
Procedure
Each target dimension (global, local left, local right) was cued by arrows 800--1200 ms before the target (cue duration was 200 ms). Throughout the trials, volunteers had to fixate at a central letter X (fixation). This fixation was only interrupted by the cue. Using the letter X as fixation was important because this central letter was always the central part of the target stimulus, that is, for the target presentation the central X was simply left on the screen. Target letter presentation time was 1 frame (i.e., 16.7 ms), and the intertrial interval was randomly chosen from an interval of 3000--5000 ms. Participants had to indicate the target letter by pressing 1 of the 2 buttons with the index or middle finger of the right hand. All stimuli appeared in a pseudorandom order, which was rearranged for each participant. Four sessions with 125 trials each were presented with a short break between the sessions resulting in a duration of about 1 h for the whole experiment.
EEG Recordings and Analysis
EEG was recorded from 17 channels (BrainVision System amplifier), impedance < 5 kX, low cutoff of 0.03 Hz, high cutoff of 250 Hz, 500-Hz sampling rate referred to the electrode at FCz. Vertical electrooculogram and horizontal electrooculogram (HEOG) were recorded from above versus below the left eye and from the outer canthi of the eyes, respectively.
Data Analysis
Because we did not expect a difference in the interhemispheric coupling between congruent and noncongruent stimuli, data were pooled across both conditions. Data segments of 1200 ms were extracted from 200 ms before to 1000 ms after target presentation. Epochs with artifacts caused by blinks or eye movements (vertical and horizontal), amplifier saturation, and fast amplitude shifts ( >100 lV within 2 ms) were excluded from further analysis. The epochs were decomposed using a wavelet-based time--frequency analysis (Tallon-Baudry and others 2001) (C. Torrence and G. Compo, http://paos.colorado.edu/ research/wavelets). For each trial, the signal was convolved with complex Morlet's wavelets (wave number = 6), with f 0 ranging from 1 to 50 Hz in 0.5 Hz steps. The wavelet basis was normalized to have Figure 1 . Stimulus layout and timing parameters. The cue was presented for 200 ms and signaled the detection of the letter at the right, global, or at the left. After the variable Inter-Stimuli-Interval, the target stimulus was presented, and the participants indicated the letter at the appropriate level. a total energy of 1 at all scales (frequencies). The coherence and phaselocking spectra were calculated across the time series and were Ztransformed (Jarvis and Mitra 2001) . Coherence was computed using the cross-spectral density (xp) of channel k and channel m and the power spectral densities pk and pm in the time (t)--frequency ( f ) domain:
Phase locking (PL) between 2 EEG channels k and m was also computed in the time (t)--frequency (f) domain using the phase information (p) by averaging of n trials ( Tallon To assess neural coupling between hemisphere, phase locking and coherence from occipital and parietal electrode pairs were estimated (O1--O2, P7--P8, P3--P4). As a control, within-hemisphere phase locking and coherence was computed for the electrode pairs P7--O1 and P8--O2. For a better comparison of intra-versus interhemispheric coupling (Fig. 3) , the difference (D) between global and local processing was Z-transformed for each electrode pair using the frequency-specific mean (l f ) and standard deviation (r f ) of a baseline -300 to 0 ms before stimulus onset:
Results Behavioral data indicated a comparable level of difficulty in the global and local conditions. RTs and accuracy data were analyzed using an analysis of variance (ANOVA) for repeated measures (factors global/local attention and upright/rotated global shape). Mean RTs for correct trials showed no difference for the factor global/local attention (mean RT global: 634 ms, mean RT local: 610 ms, F 1,12 = 4.1, not significant [n.s.]), no difference for the factor shape (F 1,12 = 0.2, n.s.), and no reliable interaction attention 3 shape (F 1,12 = 0.7, n.s.). The level of accuracy (90% correct global, 89% correct local) also did not vary systematically across conditions (factor global/local attention: F 1,12 = 0.4, n.s.; factor upright/rotated shape: F 1,12 = 1.1, n.s.; attention 3 shape F 1,12 = 0.1, n.s.).
During the global attention condition, both parameters of functional coupling showed an increase in the gamma band between occipital electrode pairs from the left and right hemispheres. As can be seen in Figure 2A ,B, this effect was maximal between 30 and 40 Hz and was limited to a distinct time period around 400 ms. Therefore, we compared mean phase locking and coherence between 30 and 40 Hz from 350 to 450 ms using an ANOVA for repeated measures (3 factors: electrode pair [O1--O2, P3--P4, P7--P8], global/local attention, and upright/rotated global shape). The results confirmed the increased phase locking for the global attention condition (F 1,12 = 8.9, P < 0.05) and no significant difference for the attention effect between electrode pair (electrode pair 3 attention: F 2,24 = 0.6, n.s.). The maximal difference was observed at electrode pair P7--P8. The rotation of the global letter did not result in a reliable modulation of neural coupling (main effect shape: F 1,12 = 3.9, n.s.; interaction rotation 3 attention: F 1,12 = 1.1, n.s.). The increase of coherency for the global attention condition confirmed the phase-locking statistics showing more coupling for the global condition (F 1,12 = 8.44, P < 0.05). Comparing coherence and phase locking for each electrode pair separately, only the electrode pair P7--P8 shows a significant modulation by the global/local attention (F 1,12 = 5.9, P < 0.05; O1--O2: F 1,12 = 0.2, n.s.; P3--P4: F 1,12 = 0.04, n.s.).
To test for the specificity of our result, we addressed the question of whether coupling is restricted to across-but not within-hemisphere electrodes. We restricted the following analysis to phase locking because coherence may be affected by possible amplitude differences, whereas phase locking is independent from the amplitudes (Varela and others 2001) . We therefore conducted an ANOVA with factors hemisphere (within vs. across), electrode pair (2 pairs across [O1--O2, P7--P8] vs. 2 pairs within [P7--O1, P8--O2]), global shape (upright/ rotated), and attention (global/local). Crucially, the interaction between attention and hemisphere was significant (F 1,12 = 9.7, P < 0.05), indicating an increased phase locking for global attention that was larger across than within hemispheres (Fig. 3) .
To assess a possible lateralization effect of global and local attention that may affect the coupling, we estimated the spectral densities for electrodes P7, P8, O1, O2, P3, and P4 separately for global, local left, and local right conditions between 300 and 600 ms after stimulus. Within the gamma band (30--40 Hz), the corresponding ANOVA (factors location, attention, electrode, upright/rotated global shape) revealed no difference between the attentional states (F 2,24 = 0.23, n.s.). To control for eye movements, we estimated the mean activity of the HEOG channel between 0 and 600 ms. The corresponding ANOVA (factors attention and shape) revealed no difference in eye movements between conditions (attention: F 1,12 = 0.07, n.s.; shape: F 1,12 = 0.34, n.s.).
Discussion
Binding by synchrony was hypothesized to play a critical role in the formation of neural ensembles necessary for top--down modulation of information processing (Engel and others 2001 ). This notion is strongly supported by our data showing that EEG coupling in the gamma band is related to the spatial scale of attentional processing during the perception of hierarchically organized stimuli. Importantly, volunteers were viewing physically identical stimuli, but the amount of integration of spatially distributed features changed. The different states of integration were accompanied by circumscribed changes of neural coupling within the gamma band.
The local attention conditions were used as reference that was identical in all experimental settings but differs only with respect to the amount of feature integration. The behavioral data provided evidence for a comparable level of task difficulty of the local and global attention condition. Therefore, it is unlikely that the interhemispheric coupling is affected by Figure 3 . Mean phase locking in the gamma band plotted as a function of time for electrode pairs between hemisphere and within hemisphere. The difference between global and local processing was Z-transformed using mean and standard deviation of a baseline -300 to 0 ms before stimulus onset (see Methods). The increase of between-hemisphere coupling was reliably larger than within the hemisphere.
Cerebral Cortex October 2006, V 16 N 10 1525 differences in the attentional effort. Due to the fact that the local stimulus was presented lateral in one visual hemifield, the letter could be identified without information from the other visual hemisphere. In contrast, the global letter extended into both hemifields, and therefore, information from both hemispheres had to be integrated. In comparison with the local baseline, phase locking and coherence within the gamma band increased between hemispheres when participants attended to the global contour of the stimulus. Phase-locking values-a measure of the coupling of 2 signals independent of the amplitudes-increased between the occipital parts of both hemispheres for the global attention condition in comparison with the local attention condition. This finding suggests that an increased level of information exchange between the visual hemispheres may be the basis of the perceptual integration of the local features to a global shape. This interpretation is supported by neuroanatomical data showing a strong interconnection of visual areas via the corpus callosum (Hubel and Wiesel 1967; Payne 1994) and experiments with animals showing the relevance of the corpus callosum for coupling effects of the gamma band between the hemispheres (Engel and others 1991) . Furthermore, it was demonstrated that EEG coherence measures in the gamma band can be used to detect these corticocortical callosal functional connections during visual processing (Kiper and others 1999; Knyazeva and others 1999; Rose and Bu¨chel, 2005) . Although our results are in accord with direct coupling between visual areas of both hemispheres, we cannot rule out the possibility that coupling between hemispheres is established due to a common input to both hemispheres from a third brain area.
The relevance of neural coupling of high-frequency components has been demonstrated for visual search (Tallon-Baudry and others 1997) and object recognition (Tallon-Baudry and others 1999). Long-range coupling effects within the gamma band were further reported for visuomotor integration during associative learning, thus confirming the role of neural binding in the coordination of neural activity in distributed networks (Miltner and others 1999) . Only recently, the role of gamma band coherence between cortex and spinal motor neurons (as indexed by electromyography) in the preparation of a selected movement was demonstrated and proposed as a mechanism for RT benefits by attention (Schoffelen and others 2005) . It was suggested that coherence in the gamma band reflects the formation of Hebbian cell assemblies (Hebb 1949 ) required for the binding of brain areas (Miltner and others 1999; . Our results provide further evidence for the importance of neural coupling and indicate that the role of between-area binding may be the integration of features processed in spatially separated neural assemblies on the basis of attentional selection.
The involvement of gamma band activity in selective attention has already been demonstrated in several experiments (for review, see Fell and others 2003) . It was demonstrated for visual (Gruber and others 1999; Muller and others 2000; Struber and others 2000) and acoustic stimuli (Tiitinen and others 1993; Debener and others 2003) . Intracranial recording in trained monkeys showed that neural binding increased as a consequence of attention (Fries and others 2001; Taylor and others 2005) . The coupling of neurons may also be the underlying mechanism for the enhancement and suppression effects observed for distant areas within the visual cortex evoked by spatial attention (Tootell and others 1998) .
The unified percept of a global shape involves multiple visual areas that are assumed to process different aspects at different spatial scales depending on the receptive field size of the neurons within each area (Kourtzi and others 2003) . The areas involved in this distributed processing scheme include early visual areas (e.g., V1, V2) as well as ''higher'' areas (e.g., lateral occipital complex [LOC] ), and recurrent mechanisms of feedback interactions are assumed to mediate the extraction of the global shape (Lamme and others 1998; Kourtzi and others 2003) . In analogy to the finding that long-range connections are used to mediate contour integration (Gilbert and Wiesel 1989; Malach and others 1993) , there is increasing evidence that object features represented by spatially distinct neural assemblies are dynamically linked to a coherent percept by coherent activity in the gamma range . However, it should be noted that there are other results that did not support a role of neural synchrony for the binding of visual features for single-neuron activity within one area like V1 or V5 Thiele and Stoner 2003; Roelfsema and others 2004) .
The peak of the gamma band coupling for the global processing was observed at electrode pair P7--P8. Although the spatial resolution of the EEG did not allow a precise localization of the effect, it is in accord with the assumption that the binding of higher visual areas is relevant for the integration of local features to a global contour. The known role of the LOC in object processing could be in line with the proposed function of shape extraction by integration of local stimuli (Malach and others 1995; Kourtzi and Kanwisher 2000) .
The involvement of the observed gamma band coupling in object processing is supported by the temporal characteristics of phase locking. A reliable difference between the conditions was restricted to a distinct time period about 400 ms after stimulus onset. Before stimulus appearance, no systematic modulation of phase locking was observed. If neural coupling did reflect a preparatory attentional state, then a tonic increase in phase locking should have emerged before stimulus onset. The transient increase of phase locking 400 ms after stimulus presentation in the global attention condition supports the notion that this coupling is related to attentional-based object processing. The latency of the effect further suggests a ''later'' stage of object processing like object identification, which is in accord with other studies showing gamma band activity during object representation (Tallon-Baudry and Bertrand 1999) or audiovisual integration (Kaiser and others 2005) starting around 300 ms after stimulus onset. Even very shortly presented stimuli like the letters used in the present study were represented and processed over a longer time range indicated, for example, in EEG studies on subliminal priming (Jaskowski and others 2003) .
In contrast to our expectations, the behavioral measures did not show a reliable difference between rotated and upright global letters, indicating that the rotation of the global stimuli did not results in an increased difficulty of the task. The fact that EEG coherence and phase locking were also not different for the attention to global rotated and global upright letters is thus not surprising. Therefore, the relation of gamma band activity and task difficulty in global attention task has to be addressed in a new study that convincingly demonstrates task difficulty effects through differences in RTs.
There is an ongoing debate about the control mechanism that is involved in shifting the attentional focus from the global level to the local level and vice versa. Clinical data and some imaging studies suggest a relative hemispheric specialization for global and local attention with a predominance of the right hemisphere for global and the left hemisphere for local attentional selection (Delis and others 1986; Robertson and others 1988; Fink and others 1997; Yamaguchi and others 2000) . However, other imaging studies did not confirm these hemispheric differences and concluded that the processing within the visual cortex is not asymmetric and that possible lateralization effects may occur at later stages of processing within the parietal cortex (Kotchoubey and others 1997; Heinze and others 1998; Sasaki and others 2001; Kourtzi and others 2003) . Our analysis of the spectral densities showed no lateralization effect for the gamma band and no differences in the amplitudes of induced gamma activity between local and global processing. Therefore, the increased coupling between the hemispheres for the global processing was not influenced by modulations of gamma band lateralization effects or absolute power.
In conclusion, our findings suggest that the integration of distributed local features to the global aspect of a centrally presented stimulus results in an increase in interhemispheric coupling. Thus, our results are in accord with the assumption that neural coupling within the gamma band reflects the mechanism of information exchange of different neural populations and is dynamically modulated by the selected level of integration.
Notes
